Abstract Detecting population subdivision when apparent barriers to gene flow are lacking is important in evolutionary and conservation biology. Recent research indicates that intraspecific population complexity can be crucial for maintaining a species 0 evolutionary potential, productivity, and ecological role. We monitored the genetic relationships at 14 allozyme loci among *4,000 brown trout (Salmo trutta) collected during 19 years from two small interconnected mountain lakes (0.10 and 0.17 km 2 , respectively) in central Sweden. There were no allele frequency differences between the lakes. However, heterozygote deficiencies within lakes became obvious after a few years of monitoring. Detailed analyses were then carried out without a priori grouping of samples, revealing unexpected differentiation patterns: (i) the same two genetically distinct (F ST C 0.10) populations occur sympatrically at about equal frequencies within both lakes, (ii) the genetic subdivision is not coupled with apparent phenotypical dichotomies, (iii) this cryptic structure remains stable over the two decades monitored, and (iv) the point estimates of effective population size are c. 120 and 190, respectively, indicating that genetic drift is important in this system. A subsample of 382 fish was also analyzed for seven microsatellites. The genetic pattern does not follow that of the allozymes, and in this subsample the presence of multiple populations would have gone undetected if only scoring microsatellites. Sympatric populations may be more common than anticipated, but difficult to detect when individuals cannot be grouped appropriately, or when markers or sample sizes are insufficient to provide adequate statistical power with approaches not requiring prior grouping.
Introduction
Accurate identification of intra-specific population subdivision is of central importance in evolutionary and conservation biology and constitutes a prerequisite for sound management of species. Growing evidence indicate that a diverse ''portfolio'' of genetically separate populations is needed for maintaining viability of species (Hilborn et al. 2003; Lindley et al. 2009; Schindler et al. 2010) and to ensure ecosystem resilience (e.g. Luck et al. 2003; Frankham 2005; Reusch et al. 2005; Hajjar et al. 2008) .
Assessment of intra-specific population structuring typically involves comparison of allele frequencies among individuals that have been grouped based on a priori information such as sampling site or morphotype. Alternatively, a model based a posteriori approach is used with no such prior grouping.
So far, the a priori approach has dominated empirical population genetics research and has provided information on substructuring in a wide range of organisms from insects and plants to fishes and large vertebrates (e.g. Clarke and O'Dwyer 2000; Huang and Zhang 2000; Wilson et al. 2003; Van Rossum and Prentice 2004; Knutsen et al. 2010 Knutsen et al. , 2012 . During recent years, however, model based approaches for assessing the number of subpopulations and for assignment of individuals to those populations have become available (e.g. Pritchard et al. 2000) and increasingly popular (e.g. Lee et al. 2010; Martien et al. 2012; Phinchongsakuldit et al. 2013) .
With respect to the statistical properties of the two approaches for detecting genetic heterogeneity the a priori approach is often powerful when based on a reasonable number of genetic markers, also when examining a rather restricted number of individuals Waples and Gaggiotti 2006) . There are several reasons for the generally high power of this approach.
(1) The statistical null hypothesis (H 0 ) can be specified explicitly with respect to the allele frequency differences that might exist among predefined groups (i.e. H 0 specifies identical allele frequencies among groups). (2) The test is two-sided, the null hypothesis can thus be rejected regardless of the direction of the differences observed, an aspect particularly important when combining information from multiple loci. (3) Statistical tests for allele frequency heterogeneity are generally based on the number of sampled genes (2n) rather than the number of individuals (n), and the ''statistical sample size'' can therefore be quite large .
In contrast, when testing for structuring in an a posteriori situation the null hypothesis must be less specific, for example with respect to the possible number of populations and their relative contribution to the sample, and therefore less powerful. Further, only some deviations from random association of alleles or genotypes are indicative of subdivision (e.g. deficiency of heterozygotes, but not excess) which may complicate the joint evaluation of information from multiple loci. Finally, the statistical sample size equals the number of individuals sampled, a number that may be insufficient for detecting anything but quite substantial heterogeneity when examining, say, 50-100 individuals at a particular location, which is generally adequate for allele frequency comparisons using the a priori approach (cf. Waples and Gaggiotti 2006; Waples and Do 2010) .
Thus, the statistical power is typically lower when applying an a posteriori approach, but erroneous assumptions underlying the grouping of individuals for an a priori approach might prevent detection of true genetic structuring. Because of the lower statistical power, large differences or extensive sampling might be required to detect genetic structuring in a posteriori situations, and it is possible that ''hidden'' or ''cryptic'' population structuring over short geographical distances is more common than generally acknowledged.
In this paper, we delineate a situation of intra-specific diversity in brown trout (Salmo trutta) in two small interconnected mountain lakes that exemplifies how a prior grouping can prevent detection of true genetic structuring. We identify sympatric populations in these lakes. This is not uncommon in brown trout and other salmonids, but empirical identification of genetically distinct sympatric populations has typically been associated with a priori grouping of individuals due to (1) morphological differences (e.g. Hindar et al. 1986; Taylor and Bentzen 1993a,b; Power et al. 2009 ), (2) ecological separation including different times or locations for spawning (e.g. Child 1984; Spruell et al. 1999; Gerlach et al. 2001 ) and different life history strategies such as resident versus anadromous forms of salmonid fishes (e.g. Verspoor and Cole 1989; Taylor et al. 1997) , or (3) geographical distance (e.g. Bernatchez and Martin 1996; Fraser and Bernatchez 2005; Dupont et al. 2007 ; see Online Resource 1 for a review of empirical evidence of sympatry in salmonids and other fishes detected using a priori versus a posteriori approaches).
The only empirical examples of a posteriori detection of distinct sympatrically occurring populations that we have found refer to the documentation of multiple populations of brown trout in Lakes Bunnersjöarna in Sweden (Allendorf et al. 1976; Ryman et al. 1979 ) and of Arctic char (Salvelinus alpinus) in the Scottish Lochs Maree and Stack (Wilson et al. 2004; Adams et al. 2008 ; Online Resource 1). In both these cases large genetic differences were found among previously unrecognized co-existing populations.
We monitored our system of brown trout through annual sampling over 19 consecutive years. We first applied the a priori approach but found no differentiation between the two tiny mountain lakes. However, heterozygote deficiencies within lakes became obvious after a few years of monitoring, and using the a posteriori approach we report (1) the existence of the same two sympatrically occurring populations within each lake, (2) the amount of divergence between populations, (3) their effective size, and (4) the temporal stability of the detected genetic patterns.
Materials and methods

Material
The trout examined were collected within an ongoing genetic monitoring project of brown trout populations in the County of Jämtland, central Sweden (Jorde and Ryman 1996; Laikre et al. 1998; Palm and Ryman 1999; Palm et al. 2003 , Charlier et al. 2011 . The major part of the material is from two closely connected lakes, Lake Ö stra Trollsvattnet (Ö T) and Lake Västra Trollsvattnet (VT; Fig. 1, Table 1 ), collectively referred to as Lakes Trollsvattnen. A total of n = 4,140 fish from these two lakes, representing 19 sampling years (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and 26 cohorts (1977-2002; Table 1 ) are included in the study.
Lakes Trollsvattnet are oligotrophic mountain lakes at an elevation of 698 m, and have an area of about 0.10 (Ö T) and 0.17 (VT) km 2 , respectively. The two lakes belong to the uppermost part of the River Indalsälven drainage system flowing into the Baltic Sea. Brown trout and Arctic char are the only fish species occurring in the lakes. The last period of glaciation sets the upper limit for the age of Lakes Trollsvattnen at c. 7,000 years.
About 100 individuals have been collected annually in August from each of the two lakes (sampling locations are marked in Fig. 1 ), and fish were caught using gillnets of various mesh sizes. For each fish weight, total length, sex, and stage of maturation (breeding the year of collection or not) was recorded. Otoliths for age determination were collected (Jorde and Ryman 1996) , as well as tissue samples (muscle, eye, liver; i.e. destructive sampling) for genotype analysis.
During one sampling year (2004) we also collected brown trout from three small neighboring lakes (Table 1) draining into Lakes Trollsvattnen (n = 448). These neighboring lakes are nameless and are here referred to as N1, N2, and N3 (Fig. 1) . Spawning typically peaks in late September, and the outlet from Lake Västra Trollsvattnet and all the creeks connecting the five lakes that have been sampled appear to provide suitable spawning areas. We do not know whether or not spawning occurs in the lakes.
Genetic analyses
The monitoring study of Lakes Trollsvattnen started in the early 1980s when allozymes were the only genetic marker available for large scale screening of natural populations, and we have continued to score the same markers to provide consistency throughout the project. Screening was performed by horizontal starch gel electrophoresis (Allendorf et al. 1977) . Using the nomenclature of Shaklee et al. (1990) the following 14 polymorphic loci with co-dominant gene expression were scored (older locus designations used in previous publications from our group are given in brackets): (Table 2 ).
In addition to the allozymes that were scored in all fish (n = 4,140 ? 448 = 4,588) we also generated microsatellite data for a limited number of individuals from Ö T and VT (total n = 382; Table 1 ), representing cohorts 1984-1986 and 1996-1998, and sampling years 1988-1992 and 2000-2003 . Individuals were genotyped for the following seven loci: One9 (Scribner et al. 1996 ), Ssa85, Ssa197 (O'Reilly et al. 1996 , SsoSL417 (Slettan et al. 1995) , STR15, STR60, and STR73 (Estoup et al. 1993 ; Table 2 ), according to procedures described by Dannewitz et al. (2003) . To verify the microsatellite genotyping results, 96 of the 382 individuals were scored independently by a different laboratory. There was a good (98 %) consistency of the genotype results generated from the different labs.
Statistical treatment
Allele frequency differences between groups were tested by Chi square using CHIFISH version 1.3 (Ryman 2006) . Fstatistics (Weir and Cockerham 1984) quantifying spatial and temporal genetic heterogeneity and deviation from Hardy-Weinberg proportions, with associated levels of significances, were appraised using GENEPOP version 3.4 (Raymond and Rousset 1995) , as were tests for gametic phase (linkage) disequilibrium. Hierarchical gene diversity analyses were performed using the program NEGST (Chakraborty et al. 1982) , and tests for selective neutrality were conducted using the LOSITAN software (Beaumont and Nichols 1996; Antao et al. 2008) .
We assessed statistical power for detecting differentiation for the present set of marker loci using POWSIM . With sample sizes of those corresponding to Lakes Ö stra and Västra Trollsvattnet, a true F ST between them of 0.001 would be detected (P \ 0.05) with a probability of over 99 % for the present The most likely number of populations (clusters; K) compatible with the observed genotypic distribution was assessed by individually based likelihood analyses using STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) . We used the four default models (1-4) referring to the four possible default combinations including/excluding the assumptions Table 1 Sampling localities in the present study (cf. Fig. 1 Between microsatellite clusters (X vs. Y, most likely model, n = 382) The microsatellite clusters X and Y are defined from the only one of the four microsatellite STRUCTURE models that suggests two populations. F ST measures differentiation between lakes/clusters, whereas F IT and F IS quantify deviations from Hardy-Weinberg expectations in the total material and within lakes/clusters, respectively. Bold indicates statistical significance after Bonferroni correction (critical P is 0.05/45 = 0.0011 and 0.05/24 = 0.0021 for allozymes and microsatellites, respectively)
''admixture genomes within individuals'' and ''correlated allele frequencies among populations'' (Online Resource 2; see Pritchard et al. 2007 for details). Estimation of the most likely value of K under different models was replicated over five runs (Online Resource 2a-e). To get accurate parameter estimates of P (estimated allele frequencies), Q (estimated membership coefficient for each individual in each cluster, i.e. assignment probability), and likelihood values for different numbers of K, the burn-in length and the number of Markov chains (MCMC) used in the simulations was 500,000 steps and 200,000 replicates, respectively. We identified two populations, hereafter referred to as A and B. There was no contrasting homozygosity between clusters and each fish was assigned to the cluster to which its assignment probability (Q) was larger than 0.5 (Fig. 2) . This is equivalent to applying a ''cut-off'' probability of 0.5 (resulting in all fish being assigned to a cluster), but we also applied 0.7 and 0.9 as cut-offs in some cases. Using these cutoffs of 0.5, 0.7, and 0.9 a total of 4,140, 3,189, and 1,843 fish, respectively, were assigned to a cluster. When not stated otherwise results presented refer to the 0.5 cut-off level.
The potential existence of multiple populations was also addressed by means of principal component analysis (PCA) based on allozyme data using STATISTICA v.7 (StatSoft, Inc. 2005) , coding the genotype of a particular fish and locus as 0, 0.5, or 1. To avoid cluttering when illustrating graphically the relation between the results obtained by STRUCTURE and PCA we only used the smaller dataset of 382 fish that was scored for both sets of markers.
Estimation of effective size
Variance effective population size (N e ) of the clusters A and B was estimated from allozyme data using the 'temporal method' as modified for overlapping generations (temporal shifts in allele frequencies between consecutive cohorts; Jorde and Ryman 1995) . We used the same approach as Jorde and Ryman (1996) , but with the unbiased estimator for genetic drift (F s ) of Jorde and Ryman (2007) as applied in their software TEMPOFS. When estimating N e for organisms with overlapping generations, life table data are required for calculating a correction factor (C) and for assessing the generation interval (G; Jorde and Ryman 1995), and we followed the same procedures as Jorde and Ryman (1996) to generate this information (Online Resource 3).
Results
We focus first on the genetic structuring in the two primary lakes Ö stra and Västra Trollsvattnet (Ö T and VT) as revealed by the allozymes, which constitute the major part of the data. Allozymes provide strong evidence for subdivision within these lakes whereas the microsatellites are more ambiguous in this respect, and those observations are presented in the end of the Result section.
There is little or no allozyme allele frequency differentiation between lakes Ö T and VT (F ST = 0.001; Table 2 , ''lakes'' columns). There is, however, a conspicuous heterozygote deficiency in the pooled material from the two lakes (F IT = 0.042) indicating a general deviation from random mating. This deficiency is also found within each of the two lakes, where F IS is 0.038 and 0.044 in Ö T and VT, respectively (average 0.041; Table 2 , ''lakes'' columns). Allele frequency differences among sampling years or cohorts represent sources of variation that might result in heterozygote deficiencies, but in the present case those differences are too small to explain the heterozygote Fig. 2 Distribution of assignment probabilities (Q) to cluster A for brown trout from Lakes Ö stra and Västra Trollsvattnet (obtained from STRUCTURE using allozymes, model 4, cf. Online Resource 2a-c). Fish assigned to cluster A with a probability of, say, 0.30 are assigned to cluster B with the probability 0.70. a Both lakes (4,140 fish), b Ö stra Trollsvattnet (2,058 fish), c Västra Trollsvattnet (2,082 fish) deficiencies observed (F ST among sampling years and cohorts is 0.001 and 0.002, respectively).
Two populations
The STRUCTURE analysis strongly rejects the hypothesis of one single population (Pr(K = 1) = 0.00). Rather, the program consistently suggests two populations (clusters) as the most likely number (Pr(K = 2) = 1.00) in the total material as well as within each of the lakes Ö T and VT. The results were consistent between individual runs and regardless of the combination of ancestry and allele frequency model applied (Online Resource 2a-c).
A series of observations support the contention of the existence of two populations in lakes Ö T and VT. First, the distribution of individual Q-values, for both as well as for the separate lakes, reveals a clear U-shape (Fig. 2) . Second, the principal component analysis reveals a clear distinction between individuals assigned to each of the two clusters (Fig. 3 , depicting the outcome when using the allozyme data for the 382 fish that were scored for both sets of markers. The result from this restricted dataset is consistent with that for the total material from Ö T and VT (n = 4,140), but a plot of the larger dataset is too cluttered to be informative). Third, no heterozygote deficiency can be detected within any of the two clusters (rather, there is a weak but significant heterozygote excess within each cluster; Table 3 ). Finally, the amount of gametic (linkage) disequilibrium is conspicuously smaller within each of the two clusters than in the total material (Ö T ? VT; n = 4,140), where 48 of the 91 allozyme locus pairs (53 %) displayed significant linkage disequilibrium, 28 remaining after Bonferroni adjustment. In contrast only 21 (6 after adjustment) and 15 (4) were observed within clusters A and B, respectively. The observation of a few disequilibria within each of the clusters remaining after correction for multiple comparisons is not unexpected considering that assignment to cluster is imperfect and that disequilibria are also generated in populations of restricted effective size (below).
Further, there was a high degree of consistency between assignment probabilities obtained with different STRUCTURE models and over replicate runs within models (Online Resource 2a). The four series of 4,140 individual assignment probabilities (one from each STRUCTURE model) resulted in six pair wise correlations which were all in the range r = 0.99-1.00. We also compared assignment probabilities for individual fish obtained in the five replicate runs generated under each of the four different models. Within each model the five replicate series of individual assignment probabilities resulted in ten pair wise correlations. All the 40 correlations were r = 1.00 (using two decimal points) indicating a high degree of consistency among replicate runs of the same model.
Similarly, assignment probabilities obtained when only including Ö T or VT in the STRUCTURE analysis were almost 
Amount of divergence and temporal stability of genetic patterns
The amount of genetic differentiation between the two coexisting populations (clusters A and B) is high ( Cut-off probability refers to probability levels for assignment to cluster A or B. Bold indicates significance after Bonferroni correction (critical P = 0.05/105 = 0.00005). Sample sizes for cut off probability = 0.5 are Ö T: n = 2,058 fish, VT: n = 2,082, N1: n = 170, N2: n = 115, N3: n = 163 Ö T Lake Ö stra Trollsvattnet, VT Lake Västra Trollsvattnet, and N1, N2, and N3 are the three nameless lakes (cf. Fig. 1 , Table 1 ) *P \ 0.05, **P \ 0.01, ***P \ 0.001
Conserv Genet (2013) 14:795-808 801 ''allozyme clusters'' columns). Depending on the level of cut-off for assignment (0.5, 0.7, or 0.9) overall allozyme F ST between clusters is estimated as 0.10, 0.15, and 0.23 (Table 3) , and these estimates stay reasonably stable over the entire study period of 19 years (Fig. 4) . Quantifying different sources of allozyme variation by means of a hierarchical approach for gene diversity analysis indicates that ''cluster'' represents the by far most important source when considering the overall variation caused by ''lake'', ''cluster'' (within lakes), and ''cohort'' (within clusters). Including all sources of explained variation, and regardless of the hierarchical order in the analysis, ''lake'' accounts for less than 1 %, and ''cluster'' and ''cohort'' account for 83 % and 16 %, respectively (with the residual ''unexplained'' variation representing 94 % of the total variation).
In spite of the considerable allozyme allele frequency differences between clusters, the levels of genetic variation within them are quite similar. All loci segregate for the same two alleles in both populations, except at sAAT-4 where cluster A has a third allele at a low frequency (0.001) that is missing in cluster B. Average heterozygosity (H e ) over cohorts ranged in the interval 0.27-0.29 and 0.25-0.27 within A and B, respectively, and there was no apparent temporal trend in this variation in either cluster.
Test for selection
The LOSITAN software suggested one locus (sIDHP-1) as a candidate for directional selection (0.05 [ P [ 0.01) when analyzing the distribution of allozyme F ST values between clusters. This locus also shows the highest degree of differentiation between clusters (F ST = 0.26), followed by G3PDH-2 (F ST = 0.20) which is not classified as a candidate for selection. Exclusion of sIDHP-1 has no effect on the conclusions of this paper except that the overall Fstatistics calculated across the 14 allozyme loci tend to get somewhat smaller. For the major comparison of clusters in the two lakes, for example, allozyme F ST is reduced from 0.100 (Table 2 , ''allozyme clusters'' columns) to 0.080, and F IT is reduced from 0.089 (Table 2 , ''allozyme clusters'') to 0.073 when using the 0.5 cut-off level for assignment. Because of the minor change of the F-statistics when excluding sIDHP-1, the allozyme results have been consistently presented with all loci included, except when estimating effective population size where estimates were calculated both with and without sIDHP-1 (below).
Spatial distribution of clusters A and B
Both clusters occur in both lakes and in similar frequencies (Fig. 2) , and over sampling years the overall proportion of fish assigned to cluster A varied in the range 0.45-0.63, with an average of 0.53 (using a cut-off level of 0.5 for assignment). Similarly, within each of the lakes, the proportion assigned to cluster A ranged in the intervals 0.47-0.71 and 0.41-0.68 for Ö T and VT, respectively, with averages of 0.57 and 0.50.
The notion that the same two clusters occur in both lakes is supported by an apparent lack of divergence between fish assigned to the same cluster but caught in different lakes. For example, using a cut-off level of 0.5 for assignment, the estimated allozyme divergence between lakes within clusters is F ST = 0 and F ST = 0.001 for clusters A and B, respectively, and both values are associated with F IS -and F IT -estimates close to zero (for other cut-off levels see Table 3 ). Similar results were obtained when making comparisons within cohorts. F ST -estimates between cluster A in Ö T and cluster A in VT vary in the range -0.006-0.014 for the 19 cohorts comprising at least 15 fish in each lake, and for cluster B the corresponding values are -0.026-0.010 (18 cohorts), all of them non-significant.
No statistically significant allozyme heterozygote deficiency was found within any of the three small neighboring lakes (N1-N3), although F IS point estimates were positive ranging from 0.01 to 0.03. Nevertheless, STRUCTURE analyses indicate that neither of these lakes constitutes a single panmictic population. The program suggests two populations as the most likely number in N1 and N3, and four populations in N2 (Pr(K = 2) = 0.99, Pr(K = 2) = 1.00, and Pr(K = 4) = 0.70, respectively).
When pooling allozyme data from all the five sampling localities (n = 4,588) STRUCTURE still suggests two clusters 30 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 Sampling year
cut-off=0.7 cut-off=0.9 Fig. 4 Genetic differentiation (F ST ) between cluster A and B in Lakes Ö stra and Västra Trollsvattnet estimated from 14 allozyme loci and 19 sampling years (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The lines represent the cut-off probability levels 0.5, 0.7, and 0.9 when assigning individuals to cluster as the most likely number (Pr(K = 2) = 1.00), and the two populations co-exist in the entire area. In the neighboring lakes the proportion of the two clusters appears to be largely of the same magnitude as in Ö T and VT, and the proportion of cluster A is estimated as 0.54, 0.69, and 0.53 for N1, N2, and N3, respectively. Within both clusters F ST is close to zero over all the five localities as well as among the three neighboring lakes, whereas considerable divergence is observed between clusters (Table 3 ).
Phenotypic differences
We can see no apparent phenotypic differences hinting about the existence of two separate populations in Lakes Trollsvattnen. Fish in cluster A are consistently somewhat larger than those in B (Online Resource 4), and the difference is statistically significant (P \ 0.05) in 13 of the 14 comparisons between clusters within lakes and age classes. This difference, however, is insufficient for assigning a particular fish to cluster with any degree of acceptable accuracy.
In all age classes the proportion of breeders (fish mature to breed the year of collection) was consistently lower in cluster A, with overall proportions of 35 and 54 % for A and B, respectively. This tendency of a higher proportion of breeders in cluster B was found in both lakes, among all age classes, and in both sexes (males maturating a bit earlier than females within both clusters). Generation length is estimated as G = 7.0 and G = 6.8 for cluster A and B, respectively (calculated from Online Resource 3).
Effective size and migration
Estimates of effective population size are similar for the two clusters. Based on allozyme data for cohorts with 30 or more individuals, effective sizes (with 95 % confidence limits) are estimated asN e =121 (77-282) andN e =193 (101-2,225) for A and B, respectively, when using 0.5 as cut-off for assignment. The point estimates of N e are of similar magnitudes when increasing the cut-off level, resulting in estimates of 113 (69-304) and 127 (65-3,037) for A and 212 (96-?) and 329 (63-?) for B when applying the 0.7 and 0.9 cut-offs, respectively. The standard errors are larger for these estimates, however, as expected with the smaller sample sizes resulting from higher cut-offs. Further, the effect of excluding the locus considered a potential candidate for selection was negligible, resulting in estimates ofN e =123 (77-308) andN e =173 (92-1,494) for the A and B clusters, respectively (cut-off = 0.5).
The exchange of individuals between the two clusters appears fairly small. We crudely assessed the amount of migration between them assuming mutation-migration-drift equilibrium and using recursion equations for gene diversity (Nei 1975; Li 1976 ) applied as exemplified in Ryman and Leimar (2008; eq. A15) . For an island model of migration, two subpopulations, a mutation rate of 10 -6 (for allozymes), and an N e = 157 in both clusters (representing the average of N e = 121 and N e = 193 for the two clusters, respectively), the observed F ST (0.10-0.23) would correspond roughly to each cluster receiving a proportion of 0.001-0.004 migrants per generation from the other one (depending on the cut-off and F ST -value applied). Clearly, this assessment is based on several assumptions, the validity of which cannot be evaluated; nevertheless, it provides a hint of the amount of isolation required to result in the divergence observed.
Microsatellites
The information with respect to population structure obtained from the microsatellites is more ambiguous and difficult to interpret than that from the allozymes. There is no overall heterozygote deficiency indicating the potential existence of more than a single population in the total material for the two lakes (subset of n = 382 fish scored for both types of markers), and F IT suggests a heterozygote excess rather than a deficit (F IT = -0.013, non-significant; Table 2 , ''lakes'' columns). Three of the four STRUCTURE models suggest a single population (Pr(K = 1) = 1.00), whereas the most likely one suggests two populations (Pr(K = 2) = 1.00; Supplementary Table S1d) with a significant degree of differentiation (F ST = 0.060, Table 2 , ''microsatellite clusters'' columns).
The correspondence is poor between the patterns for subdivision suggested by STRUCTURE for the two sets of markers. There is, however, a weak but significant correlation between the assignment probabilities obtained for the allozymes, and those obtained for the microsatellites in the only model suggesting two populations (n = 382, r = 0.276, P \ 0.001). Further, there is a significant microsatellite allele frequency difference between the two clusters A and B defined on the basis of allozymes. This microsatellite differentiation is much smaller than that found for the allozymes, though (F ST, micros = 0.016 vs. F ST, allozymes = 0.100 for cut-off 0.5, Table 2 , ''allozyme clusters'' columns). All in all, we conclude that the microsatellite results do neither support or strongly contradict the existence of the two populations identified by the allozymes. It is clear, however, that had we only had access to the microsatellite data we would most likely have concluded that there was little or no evidence for the occurrence of more than a single population.
There is no indication that the weak correspondence between the patterns provided by the two marker types is due to the subset of 382 fish not being representative of the total material. For example, all the four STRUCTURE models suggest two populations for the 382 fish when considering the allozymes alone (Pr(K = 2) = 1.00; Online Resource 2e), and the F-statistics match closely those for clusters A and B in the total material (F ST = 0.107, F IT = 0.109, and F IS = 0.001). Similarly, there is a strong correlation between the allozyme assignment probabilities obtained for the total material and those for the subset (n = 382, r = 0.975, P \ 0.001). Further, when testing for selective neutrality with LOSITAN there is no suggestion of stabilizing selection operating at any of the microsatellites in the dataset of 382 individuals (clusters identified by allozyme data). When using microsatellite data for identifying clusters, LOSITAN suggests one locus (SsoSL417) as a candidate for directional selection (0.05 [ P [ 0.01).
Discussion
We monitored the genetic pattern of brown trout in some small, inter-connected mountain lakes in northern Scandinavia and found two genetically distinct populations occurring in about equal frequency in all lakes. The populations are characterized by a high degree of genetic divergence for allozyme loci; the pattern is supported by significant differentiation between populations (clusters A and B) also for microsatellites and total body length. There is no anecdotal or other information suggesting the possible existence of multiple morphs or populations of brown trout in Lakes Trollsvattnen or neighboring lakes and the detection of the two populations was incidental.
Genetic monitoring confirms the temporal stability of these sympatrically occurring populations over 19 years representing about three brown trout generations. This is an important observation as most previous studies revealing cryptic populations have included samples separated by a much shorter time span, thus preventing taking the temporal aspects into account (e.g. Allendorf et al. 1976; Ryman et al. 1979; Wilson et al. 2004; Adams et al. 2008) .
The amount of genetic differentiation between the two clusters falls within the range of what is typically found among apparently isolated local populations within this region (Ryman 1983; Jorde and Ryman 1996; Palm et al. 2003) , and is somewhat larger than what was found between the three sympatrically occurring morphotypes in the classic study of brown trout in Lough Melvin, Ireland (Ferguson and Taggart 1991) where allozymes were also used. The statistically significant difference in total body length between clusters in Lakes Trollsvattnen is smaller than the body size difference observed between two sympatrically existing brown trout demes identified in Lakes Bunnersjöarna in central Sweden (Ryman et al. 1979) . In both cases the size differences were detected after grouping individuals based on genetic data.
Detecting multiple, co-existing populations
The existence of multiple genetically divergent sympatric populations might be more common than anticipated, also in seemingly homogenous environments (Ryman et al. 1979; Bergek and Björklund 2007) . They can be difficult to detect in the absence of obvious morphological or ecological differentiation, particularly when contrasting homozygosities are also lacking.
Our findings exemplify that the seemingly natural way of grouping individuals-by lake-can be misleading and actually hide the genetic signal of multiple populations. With no natural starting point for between group allele frequency comparisons, only a consistent heterozygote deficiency at several loci might indicate the existence of multiple populations, but the statistical power for detecting deviations from panmixia can be low with commonly applied sample sizes (Waples and Gaggiotti 2006) . Rather, larger samples than typically collected might be needed for reliable estimation of the number of populations.
In our case, the existence of the two populations would most likely have gone undetected with a single sampling year effort; overall heterozygote deficiencies for allozyme data (F IT significantly larger than zero) was only observed in five of the 19 sampling years, and in 15 years no single locus exhibited a significant deficiency after Bonferroni correction (details not shown). To estimate the number of consecutive sampling years necessary for detecting the two populations (K = 2) of Lakes Trollsvattnen with a reasonable likelihood using allozyme data and our annual sampling size of 100 fish per lake, we applied STRUCTURE analyses to each combination of 2, 3, 4, etc. consecutive sampling years. The observed likelihood for different K-values (K = 1 -5) indicated that at least four years (corresponding to a total sample of c. 800 fish) were needed to yield a likelihood for K = 2 of 0.95 or more in all the suites of consecutive sampling years available during this 19 year study.
Inconsistency between allozymes and microsatellites
Our set of microsatellite loci does not show any significant heterozygote deficiencies and, consequently, does not indicate the existence of more than one population, whereas the allozymes show heterozygote deficiency also in the smaller data set (n = 382) that was analyzed for microsatellites (Table 2) . Further, the genetic divergence between cluster A and B (identified using allozyme data) is significant also for microsatellites but lower as compared to allozymes (F ST, micros = 0.016 vs. F ST, allozymes = 0.100; Table 2 ).
There are several possible explanations for the observed inconsistency between allozymes and microsatellites: (i) the allozymes are subject to directional selection, (ii) the microsatellites are linked to loci subject to stabilizing selection, (iii) scoring errors, (iv) there are statistical power differences between markers in detecting heterozygote deficiencies, and (v) random chance.
We rule out scoring errors. This is because a large part (96 out of 382 fish) of the microsatellites have been run at two independent laboratories with a consistency of 98 percent. As for the allozymes we have decades of experience from these markers (e.g. Ryman et al. 1979; Jorde and Ryman 1996; Palm et al. 2003; Charlier et al. 2011 Charlier et al. , 2012 that have also been used by others in many other studies of brown trout (e.g. Ferguson and Mason 1981; Crozier and Ferguson 1986; Ferguson and Taggart 1991) . Also, we do not think that selection is the cause of the inconsistency. When testing for selection, one or two allozyme loci (depending on including microsatellites in the analysis or not) was suggested as candidates for directional selection, but removing these markers provide consistent results with respect to the two clusters. We find no indications that all allozymes are subject to the same type of selection. Similarly, there are no indications that the microsatellites (or closely linked loci) are subject to stabilizing selection.
Rather, we suspect that our observation is largely coincidental or due to statistical power differences between markers with respect to detecting heterozygote deficiency (c.f. Larsson et al. 2009; Karl et al. 2012) . We conducted preliminary simulations using a modified version of POWSIM to estimate the power of detecting heterozygote deficiency in a situation with two populations with an expected F ST of 0.1. To mimic allozymes we used 14 loci with a total of 29 alleles and expected heterozygosity (H T ) of 0.28. The ''microsatellites'' were 7 loci with 32 alleles and H T = 0.50 (cf. Table 2 ). From a mix of these populations in equal proportions we simulated sampling of n = 100 using 100 runs. We found that the allozymes show a larger probability of detecting the heterozygote deficiency as compared to the microsatellites (0.5 vs. 0.4). Although the difference is not statistically significant it is an indication that our observation in Lakes Trollsvattnen with respect to the two sets of markers might be consistent with expectations.
Evolutionary origin of the two co-existing populations
We cannot conclude whether the evolutionary origin of the two identified clusters is sympatric or allopatric. The fact that both populations segregate for essentially the same alleles in both allozyme and microsatellite loci indicates that the split is fairly recent, or that reproductive isolation is incomplete (cf. Fig. 2) . Application of the above mentioned recursion equations for gene identity suggests that time since the most recent glaciation is enough to reach the observed degree of differentiation (F ST = 0.10-0.23 depending on cut-off), assuming that migration rates expected under steady state (m = 0.001-0.004) have persisted since the split (details not shown). Therefore, a sympatric origin, with still diverging populations, cannot be excluded.
Conservation implications
Our findings contribute to the understanding of the dynamics and complexity of within species biodiversity. The two brown trout populations are almost as genetically distinct as separate species (e.g. Rüber et al. 2001; Barluenga et al. 2006; Allendorf and Luikart 2007) , although they occur sympatrically in a very small mountain lake system. This diversity was not possible to detect without repeated sampling, emphasizing the need both for increased efforts to assess intraspecific variation, and to monitor such diversity over time. Such assessments are largely lacking, in spite of conservation of genetic variation being an explicit international goal through the United Nation 0 s Convention on Biological Diversity of which almost all countries in the world are parties (Laikre 2010; Laikre et al. 2010) .
Our results reinforce the general conception that brown trout, like many other salmonids, tend to develop distinct local populations of restricted effective size. N e has been estimated for seven natural brown trout populations in the geographic area monitored within the framework of the Lakes Bävervattnen project, and all of them are smaller than 200 with a range of 19-193 (Jorde and Ryman 1996; Laikre et al. 1998; Palm et al. 2003 , Charlier et al. 2011 . A meta population structure with small amounts of migration between populations seems necessary to maintain variation within these systems.
Multiple, co-existing populations can have important implications for the resilience of brown trout communities (Hilborn et al. 2003; Lindley et al. 2009; Schindler et al. 2010) . Scandinavian mountain lakes are often species poor, and the two genetically distinct populations found in Lakes Trollsvattnen might contribute in different ways to the stability of the ecosystem as a whole.
The potential for sympatrically occurring populations should be considered in management strategies because simultaneous harvest of multiple populations can result in over-harvest of some populations (Allendorf et al. 2008) . Relying exclusively on morphologic or ecological data as a basis for management decisions when genetic data is lacking, can lead to unsustainable use of genetic resources.
Future studies of the identified co-existing populations Salmonids show strong homing behavior and this seems to constitute the basis for the marked population differentiation observed in many species including the brown trout. Thus, separation in space or time for spawning is likely to be involved in the origin or maintenance of the two clusters. Natural components of future studies of these particular populations therefore include identification of place and time for spawning as well as ecological and morphological characterization of the two populations. A more detailed assessment of the degree of allelic overlap using microsatellites or SNPs for a larger part of the dataset is also warranted. Similarly, we will further investigate the statistical power of detecting heterozygote deficiencies under various scenarios.
